Introduction
It has long been recognized that individuals genetically deficient in al-anti-trypsin, a potent inhibitor of neutrophil elastase, are at increased risk for early development of familial panlobular emphysema (1). Most emphysema, however, is not related to an inherited antiprotease deficiency and in these cases the link between elastase-anti-elastase imbalance and the development of pulmonary emphysema is less certain. Circumstantial evidence suggests, nevertheless, that such a link does exist and that neutrophil elastase is the enzyme most likely to be involved in the process (2).
According to the hypothesis of elastase-anti-elastase imbalance, elastase released from inflammatory cells causes emphysema either by overwhelming the anti-elastase defense system of the lung or by escaping the anti-elastase defense system in microenvironments where the enzyme is released in close proximity to its targets. In either case, elastase is thought to attack elastic fibers as well as other components of the lung such as Types I11 and IV collagen and ' Supported by grants HL-19717, HL-46902, HL-46338, and HL13262 from the National Heart, Lung and Blood institute and by the Veterans Administration Service. * Correspondence to: Shirley M. Morris, Boston Univ. School of Medicine, Dept. of Biochemistry, 80 E. Concord Street, Boston, MA 02118. exposed to PPE. Immunocytochemical studies in which antibodies to HNE and PPE were applied to thin sections of Lowicryl-embedded tissue indicated that both of these elastases could be detected in association with elastic fibers, but only in areas of the fiber that showed morphological evidence of elastase injury. Both HNE and PPE removed fibronectin from basement membranes (as determined by loss of binding of fibroneain antibodies after exposure to elastase), but neither elastase was detected on basement membrane. Loss of epithelial cells usually accompanied elastic fiber damage by HNE but not PPE. (JHistOchem Cytochem KEY WORDS: Elqtase; Human lung, Emphysema; in vitro; Ultrastructure; Immunocytochemistry.
:851-866, 1993)
fibronectin; the result is loss of alveolar walls and permanent airspace enlargement.
Much of the experimental evidence supporting the elastase-antielastase imbalance hypothesis has been derived from studies of animal models. When either human neutrophil (HNE) or porcine pancreatic elastase (PPE) is instilled into animal lungs, a condition similar to human emphysema develops (3) (4) (5) (6) . The severity of the emphysema, however, depends on which elastase is used. Neutrophil elastase produces a mild patchy emphysema, whereas pancreatic elastase induces significantly greater and more widespread airspace enlargement (6,7) . The instillation of neutrophil elastase also results in more severe hemorrhage but substantially less elastic fiber degradation.
The present study was undertaken to compare the effect on human lung tissue of the two elastolytic enzymes most widely used in animal studies of emphysema. Although both pancreatic and neutrophil elastases are capable of producing a lesion that resembles emphysema in animal lungs, neutrophil elastase is most likely to be present in the lung. In addition to its location in polymorphonuclear leukocytes, neutrophil elastase can also be found in alveolar macrophages (8,9) , monocytes (IO-12), basophils (13), and mast cells (13,ld). Our objective in the present study was to identify and describe similarities and dlfferences in the ultrastructure, cytochemistry, and immunocytochemistry of human lung tissue after it had been exposed to either h u m a n neutrophil elastase or porcine pancreatic elastase.
Materials and Methods
Preparation of Enzymes and Antibodies. Techniques (with minor modifications) described by Martodam and colleagues (15) and Lucey and colleagues (16) were used to purify HNE from purulent sputum. PPE was prepared according to the method of Shotton (17) . The purity of the enzymes was confirmed by amino acid analysis and sodium dodecyl sulfarepolyacrylamide gel electrophoresis (SDS-PAGE) on 10% gels after blocking the ability of the enzymes to autodigest (18). This was accomplished by incubating the elastases with a 100-fold molar excess of methoxy-succinylalanyl-alanyl-prolyl-valyl-chloromethyl ketone (CMK) (Enzyme Systems Products; Livermore. CA). This water-soluble compound has been shown to be a highly effective irreversible inhibitor of both porcine pancreatic and human leukocyte elastase (19) . The blocked enzymes (HNE-CMK. PPE-CMK) were then dialyzed and lyophilized. HNE-CMK was prepared for SDS-PAGE by boiling for 5 min in 0.01 M sodium phosphate buffer, pH 7.2, 0.1% SDS. and 0.014 M dirhiothreitol. PPE-CMK was boiled in 0.0625 M Tris-HCI buffer, pH 6.8, with 2% SDS. 10% glycerol, and 5% mercaptocthanol. Samples were loaded on the gels, electrophoresed, stained with Coomassie Blue, and destained. The electrophoresis buffer for HNE-CMK was 0.1 M sodium phosphate, pH 7.2, 0.1 SDS for PPE=CMK the buffer was 0.025 M Tris-HCI, pH 8.3. 0.192 M glycine, and 0.1% SDS. Single bands were obtained for each elastase (Figure 1) .
The purified elastases were assessed for elastolytic activity by measurement of the solubilization of [3H]-elastin and active site titration (20) . Both enzyme preparations were more than 90% active (20, 21) . In Dulbecco's balanced salt solution at 37'C. 50 pg of HNE solubilized 495 pg of calf ligamentum nuchae elastin (purified by autoclaving) (22) in 45 min (23). Fifty micrograms of PPE solubilized 551 pg of purified calf ligamentum nuchae elastin in 45 min. HNE-CMK and PPE-CMK exhibited less than 0.4% activity.
Human lung elastin was prepared by the procedure described by Starcher and Galione (24) and yielded the expected amino acid analysis. An aliquot of the elastin preparation was tritium-labeled as previously described by us and was used to assess the elasrolytic activity of HNE and PPE against human elastin (25.26) . The proteolytic activities of HNE and PPE with an aliquot of human elastin that had not been tritium-labeled were assessed using a pH stat at pH 8.0 in 0.14 M NaCl at a temperature of 37%. as previously described (26) . Briefly, peptide bond hydrolysis under these conditions is accompanied by proton release, requiring the pH stat to automatically titrate in NaOH to maintain the pH constant. The rate at which NaOH is required reflects the rate of proteolysis.
For the preparation of antibodies. elastases that were purified and tested as described above were treated with CMK to block the active site. This was done to prevent enzymatically active elasrase from forming complexes with al-anti-trypsin or a2-macroglobulin in plasma (21). One milligram of HNE-CMK or PPE-CMK was dissolved in 1 ml of Freund's complete adjuvant and injected into rabbits. After a second injection animals were anesthetized and bled, and the antiserum was processed by ammonium sulfate precipitation to obtain the IgG component (27) . Specificity and titer of the antibodies was confirmed by the Ouchterlony doubleimmunodiffusion method using agarose gels (Immunofilms from Sebia, Issy-Les-Moulineaux, France) (27) . For HNE-CMK (Figure 2) , the precipitation line was approximately equidistant between the center well and Well 5 (Figure 2A ). indicating that an antibody dilution of 1:81 was equivalent to an antigen concentration of 1.92 pglml. For undiluted antibody, this is equivalent to a titer of 156 pglml. The antibody to PPE by Ouchterlony analysis exhibited a titer between 130 and 220 pglml ( Figure 2B ).
Immunoprecipitation studies were carried out by incubating HNE antibody for 30 min at 37'C with [ '2rl]-HNE in 0.05 M sodium borate buffer,
Sodium dodecyl sulfate-polyacrylamide (10%) gel electrophoresis of (A) 19.8 pg of HNE-CMK and of (E) 15 pg of PPE-CMK. Arrows show the antigen bands at 28, 500 for HNE and at 20,000 for PPE. based on comparison with molecular weight standards. pH 8.3. containing 0.6 M NaCI, 0.002 M EDTA, 0.05% NaN3, and 2 mglml bovine serum albumin. The mixture was then incubated at 4°C for 24 hr. mixed, and incubated for another 24 hr. This was followed by centrifugation at 5000 x g for 20 min, and the supernatant and pellet were assessed for radioactivity in a liquid scintillation spectrometer. Based on an extrapolated value of 100% precipitation with 150 VI, the precipitating titer of the anti-HNE is approximately 17 pglml ( Figure 3A ). For PPE antibody the incubation buffer was PBS-0.05% NaN3 with l3H]-PPE-CMK used as the antigen. Incubation conditions were the same as described above for HNE antibody. The pellet was digested in Soluene 350 (Packard Chemicals: Downers Grove, IL) and assessed for radioactivity in a liquid scintillation spectrometer. Quench corrections were made by adding known amounts of 3H20 to each vial. Based on an extrapolation to 100% precipitation, 54 pl of anti-PPE was required, indicating a precipitating titer of approximarely 93 pglml ( Figure 3B ). Not shown is the effect of anti-PPE on precipitation of ["'I]-HNE-CMK; only 2% was precipitated.
The ability of the antibodies to inactivate the elastolytic activity of HNE and PPE was also assessed using [3H]-elastin as the substrate (20). Briefly, elastase was incubated with increasing amounts of antibody and assessed for residual elastolytic activity ( Figure 4 ). Approximately 60 pg of HNE would be inactivated by 1 ml of antibody. Not shown is the effect on PPE (1 pg) activity of 50 pI of the HNE antibody; only 3% inhibition was observed. Approximately 200 pg of PPE would be inactivated by 1 ml of PPE antibody.
Antibody to human fibronectin was purchased from Calbiochem-Behr-ing (La Jolla. CA). Human fibronectin was purchased from Collaborative Research (Lexington, MA) and Bochringer-Mannheim (Mannheim, Germany). Secondary antibody for immunolabeling was goat anti-rabbit IgG conjugated to 15-nm gold particles Uanssen Pharmaceutica; Beerse. Belgium). N-t-Boc-L-alanine-p-nitrothiophenyl ester (Boc-Ala-SNp) was prepared as previously described (28) .
Lung Tissue. Human lung tissue that had been surgically removed either for biopsy or as treatment for tumors was obtained from 13 patients according to procedures approved by the Institutional Review Board. Small areas of lung remote from the tumors and presenting a grossly normal appearance were selected for these studies.
Elastase Treatment. Lung tissue was placed in cold minimum essential medium without serum (MEM) for no longer than 15 min before exposure to elastase. During this time the tissue was cut into 1 x 1 x 10-mm strips with a razor blade. Ten to 15 mg of tissue were then transferred to vials containing HNE or PPE in MEM. Control tissue was incubated in MEM without elastase. The concentration of HNE and PPE was either 100 pglml (vials contained 200 pg of elastase in 2 ml of MEM) or 200 pglml (vials contained 200 pg of elastase in 1 ml of MEM). Incubations in 100 pglml enzyme solutions were for 10-50 min. All incubations in 200 pglml enzyme solutions were for 30 min. Enzyme incubations were carried out at 37'C. At the end of the incubation period. tissue was rinsed in fresh MEM (containing no elastase) and fixed for ultrastructural, cytochemical. or immunocytochemical studies. In some experiments the MEM from the incubation was processed for biochemical measurements of solubilized elastin and protein.
Ultrastructure. Tissue was fixed for 2 hr in cold 1% glutaraldehyde buffered with 0.1 M sodium cacodylate. After fmtion tissue was rinsed in cacodylate buffer, post-fued for 1 hr in 1% osmium tetroxide. dehydrated through a graded series of ethyl alcohols, cleared with propylene oxide, and embedded in Polybed (Polysciences; Warrington. PA). Thin sections were cut with an LKB ultramicrotome. mounted on copper grids, stained with uranyl acetate and lead citrate. and examined with a Philips 300 electron microscope.
Immunocytochemistry. Tissue was fued for 4 hr in cold 4% paraformaldehyde buffered with 0.1 M sodium phosphate. After washing overnight in phosphate buffer containing 3% sucrose, tissue was dehydrated in ethyl alcohol and embedded in Lowicryl K4M. The resin was polymerized under w light at -40°C for 7 days. Thin sections were cut with a diamond knife and mounted on collodion-covered nickel grids. Sections were exposed to normal goat serum (1:20) for 30 min and then incubated overnight at 4'C in primary antibody diluted in PBS containing 1% bovine serum albumin (BSA). Sections were then rinsed three times (10 min each time) in PBS. exposed to 1% BSA in PBS for 10 min. and incubated for 60 min at room temperature in gold-conjugated secondary antibody (diluted 1:7 in PBS containing 1% BSA). Sections were again rinsed three times in PBS and were stained with uranyl acetate and lead citrate before examination with the electron microscope.
Controls consisted of substitution of PBS or pre-immune rabbit IgG for primary antibody, or the use of primary antibody pre-adsorbed with excess antigen. Primary antibody was also pre-adsorbed with an excess of elastin obtained from neonatal rat smooth muscle cell cultures and purified by the method of Lansing and co-workers (29) . An additional control for the specificity of the HNE and PPE antibodies was to use PPE antibody as the primary antibody for sections of HNE-treated lung and HNE antibody for sections of PPE-treated lung.
Cytochemistry. In an effort to determine whether elastases bound to human lung tissue were still enzymatically active. a synthetic substrate for elastase-like enzymes (N-t-Boc-Lalanine-p-nitrothiophenyl ester) was employed. The substrate is hydrolyzed by elastase-like esterases, and in the presence of a gold salt (sodium aurothiosulfate) the released p-nitrothio- phenolate ion combines with gold ions to produce an insoluble electrondense precipitate at the site of enzymatically active enzyme. This method has previously been described in detail (28.30).
For these studies, tissue that had been fixed in cacodylate-buffered 1% glutaraldehyde for 2 hr was rinsed three times in the same buffer and then transferred to 0.028 M maleate buffer (pH 7.4) for 30 min. Tissue was infiltrated with 10% glycerol in maleate buffer and frozen and thawed to increase permeability. Since the Boc-Ala-SNp substrate is not specific for elastase and may be hydrolyzed by other elastase-like esterases, one quarter of each tissue sample (the CMK control) was pre-incubated for 1 hr at room temperature in 0.175 M maleate buffer containing either 1 or 4 mM CMK. The remainder of each sample was pre-incubated in maleate buffer only. After 1 hr, incubation of the tissue with synthetic substrate was carried out as follows. One third of the tissue that had not been exposed to CMK was placed in the complete incubation mixture and comprised the experimental sample. The complete incubation mixture consisted of 0.3 ml of sodium aurothiosulfate solution (0.021 g of sodium aurothiosulfate in 2.0 ml of 0.172 M maleate buffer), 0.12 ml of Boc-Ala-SNp solution (9.8 mg of Boc-Ala-SNp in 2 ml ofdimethylsulfoxide), and 1.58 ml of0175 M maleate buffer (pH 7.4) containing 0.2s M NaCI, 0.025 M KCI, 0.0025 M CaC12, and 0.005 M MgC12. Another third of the tissue that had not been preincubated in CMK was placed in a vial containing 0.3 ml of sodium aurothiosulfate solution and 1.7 ml of 0.175 M maleate buffer with added salts (Au++ control). The remainder of the tissue not exposed to CMK was incubated in 2 ml of maleate buffer with added salts (buffer control). The tissue that had been pre-incubated in CMK was placed in a vial containing Boc-Ala-SNp, sodium aurothiosulfate solution, and maleate buffer in concentrations identical to those used for the experimental tissue. To these vials, however, the same amount of CMK as had been used for the pre-incubation (1 or 4 mM) was added. All incubations were for 2 hr at room temperature. After incubation the tissue was rinsed in maleate buffer, post-fixed for 20 min in 1% osmium tetroxide in maleate buffer, rapidly dehydrated through a graded series of ethyl alcohols, and embedded in Polybed.
(23). These values were expressed as pg solubilized per hr. In three experiments Dulbecco's balanced salt (DBS) solution was substituted for MEM. Since DBS lacks supplemental amino acids, protein released into @is medium can also be assessed and quantified by amino acid analysis (sum of the amino acids). In one experiment both DBS and MEM were used in separate vials to compare results obtained with two different incubation buffers. No differences were found between the two media with respect to elastin solubilization.
Results

Ultrastructure and Biochemistry
Elastic fibers in human lung tissue incubated in MEM containing no elastase resisted staining with uranyl acetate and were generally electron-lucent when examined with the electron microscope (Figure 5) . Enzymatic digestion of the elastic fibers with either HNE ( Figure 6 ) or PPE (Figure 7) resulted in electron-dense fibers that exhibited a granular texture. A few damaged fibers could be found after 30 min of exposure to either HNE or PPE at a concentration of 100 pglml. The frequency of damaged fibers increased after 50 min of exposure to enzyme (100 pglml), but the number of damaged fibers appeared to be considerably higher in the tissue incubated in PPE. Doubling the concentration of elastase to 200 pglml and incubating for 30 min further increased the frequency of damaged elastic fibers but, again, the damage was less severe in tissue treated with HNE. Fewer fibers showed ultrastructural evidence of injury by the HNE, and damage to individual fibers was often less extensive than that resulting from exposure to PPE. Fibers exhibiting damage only at the edges were observed in the HNE-treated tissue. Such fibers showed granular, electron-dense elastin in peripheral portions of the fiber, but the center remained amor-Phous and resistant to 8). similar Partially damaged fibers were not Seen in PPE-treated lung tissue.
The observation that PPE appeared to be causing more extensive injury to human lung elastic fibers than HNE at the same con-Biochemistry. Vials containing tissue destined for biochemical analysis were treated in parallel with those intended for morphological study. After incubation with elastase or MEM without elastase, the supernatant and tissue were separated, lyophilized, and subjected to acid hydrolysis and amino acid analysis as previously described by us (23). Elastin was quantified from the content of the elastin-specific cross-links desmosine and isodesmosine with treatment (p<0.05, t-test) . centration and under the same conditions was confirmed by the biochemical quantitation of desmosine and isodesmosine released into the incubation medium. These measurements showed that PPE solubilized elastin five times faster than did HNE @<0.05) (Table  1) . Desmosine and isodesmosine were not found in the media of tissue incubated in the absence of elastase (control). PPE and HNE solubilized total protein at similar rates (634 vs 596 pg per hr, respectively); however, the elastin content of HNE-solubilized protein was less than 1%. whereas elastin accounted for 8% of the total protein solubilized by PPE. The elastin content of solubilized protein in the media of tissue incubated in PPE was similar to the elastin content of tissue not exposed to elastase (8%). indicating that elastin was not a preferred substrate for solubilization by PPE. No differences in elastin content of the tissue after treatment were found among the three groups. Using the pH stat the proteolytic activity of PPE with purified human lung elastin was 14 times greater than that of HNE; with 1 nmol of PPE, 56 nmol NaOHlmin was required to maintain the pH at 8. whereas only 4 nmol of NaOHlmin was required when 1 nmol of HNE was incubated with the elastin.
Since not every enzymatically-induced peptide bond hydrolysis in elastin results in solubilization of peptides, elastase activity was also assessed by using tritiated human lung elastin as a substrate; the rate of solubilization was 2.5 times greater with PPE than with HNE (1075 t 8. n = 3. vs 406 t 20, n = 3, pg elastin solubilized per hour per nmol of enzyme). The damaged elastic fibers that were observed in tissue treated with 200 pglml of HNE were usually found in areas in which epithelial cells were absent and portions of the alveolar wall were covered only by a denuded basal lamina ( Figure 6 ). In a few places, Type I epithelial cells were encountered which appeared to be in the process of separating from the basal lamina (Figure 9 ). Denuded basal laminae were not seen in tissue exposed to PPE, and elastic fibers damaged by PPE were always present in areas of alveolar wall that were covered by intact epithelium (Figure 7) .
Immunocytochemistry
All immunolabeling studies were carried out on tissue that had been exposed to 200 pg of elastase for 30 min or on tissue incubated in MEM without elastase for the same length of time.
Tissue treated with PPE showed labeling only over granular, electron-dense elastic fibers ( Figure 10 ). Antibody to human neutrophil elastase showed similar localization in HNE-treated lung tissue ( Figure 11) ; however, the higher incidence in HNE-treated tissue of undamaged elastic fibers, as well as the presence of fibers that were injured only at the edges, provided a more complete picture of the binding of neutrophil elastase to elastic fibers. Elastic fibers with no morphological evidence of injury by HNE showed no labeling for the enzyme (Figure 12 ). Fibers that exhibited granular electron-dense elastin only at the periphery were immunolabeled only at the periphery; the amorphous, electron-lucent centers of such fibers were always devoid of label ( Figure 13 ).
The elastic fibers in tissue incubated in MEM without elastase showed no evidence of labeling with either the antibody to HNE or that to PPE. Damaged elastic fibers in HNE-and PPE-treated samples were unlabeled when PBS was substituted for the primary antibody, when pre-immune rabbit IgG was used in place of the primary antibody, or when the primary antibody was pre-adsorbed with an excess of antigen. Likewise, damaged elastic fibers resulting from exposure to PPE showed no labeling when anti-HNE was used as the primary antibody ( Figure 14) . and HNE-injured elastic fibers were free of label when antibody to PPE was applied ( Figure  15 ). The pre-adsorption of anti-HNE and anti-PPE IgG with an excess of purified elastin had no noticeable effect on the binding of either antibody to damaged elastic fibers.
The antibody to HNE labeled granules in neutrophils, suggesting that endogenous HNE was also detected by this technique (Figure 16 ). This labeling was not affected by treatment with either PPE or HNE. Macrophages were occasionally labeled in HNE-.. exposed tissue, with gold particles concentrated primarily over secondary lysosomes.
MORRIS, STONE, SNIDER
There was no localization of HNE antibody on either epithelial or endothelial basement membranes in HNE-treated tissue. Since Type IV collagen, laminin, and fibronectin are associated with basement membranes and since HNE has been shown to have activity against all of these glycoproteins, the negative reaction of basement membranes to HNE antibody was explored further. In tissue incubated in MEM without elastase, immunolabeling for fibronectin was seen primarily over epithelial and endothelial basement membranes and collagen fibrils (Figure 17 ). Substitution of PBS or pre-immune rabbit IgG for primary antibody abolished all immunolabeling. Pre-adsorption of the fibronectin antibody with excess antigen resulted in no labeling over basement membranes, but some labeling of collagen fibrils usually remained. When antibody to fibronectin was applied to sections of HNE-treated tissue, epi-thelial basement membranes showed no immunolabeling in areas in which elastic fibers were damaged and epithelial cells were generally absent (Figure 18 ). Endothelial basement membranes also showed no immunolabeling, but there appeared to be no loss of endothelial cells. Labeling for fibronectin persisted over collagen fibrils in areas containing damaged elastic fibers. In areas in which elastic fibers appeared uninjured by HNE and the epithelium remained intact, basement membranes gave a positive reaction for fibronectin ( Figure 19 ). These results suggest that in regions of the tissue in which HNE is present, it attacks both epithelial and endothelial basement membranes as well as elastic fibers. Treatment of tissue with PPE resulted in greatly diminished immunolabeling of fibronectin over basement membranes in the vicinity of damaged elastic fibers, but epithelial cells were generally present in these regions (Figure 20) . Figure 10 . Tissue incubated in PPE and then exposed to anti-PPE. The immunogold label is concentrated over the severely damaged elastic fiber. Stained with palladium chloride and lead citrate. Original magnification x 22,000. Bar = 0.5 pm, Figure 11 . An elastic fiber damaged by HNE. The HNE antibody is concentrated over the frayed electron-dense fiber. Stained with palladium chloride and lead citrate. Original magnification x 18,000. Bar = 0.5 bm. Figure 12 . An elastic fiber in tissue exposed to HNE but showing no evidence of injury. Anti-HNE did not bind to the elastic fiber. Stained with pallidum chloride and lead citrate. Original magnification x 11,000. Bar = 0.5 pm. Figure 13 . An elastic fiber that was damaged only around the edges by HNE. The immunogold label is concentrated over the injured regions of the fiber, whereas labeling over the amorphous core of the fiber appears to be no higher than background level. Stained with palladium chloride and lead citrate. Original magnification x 18,000. Bar = 0.5 pm. Figure 16 . A neutrophil in the interstitium of an alveolar wall. Label for HNE is concentrated over azurophil granules (arrows), whereas the smaller, darker-staining specific granules (arrowheads) are free of label. Tissue was incubated in MEM without elastase. Stained with uranyl acetate and lead citrate.
Original magnification x 9000. Bar = 1 pm.
Cytochemistry
A synthetic substrate for elastase-like enzymes was employed to test whether the elastases bound to elastic fibers retained enzymatic activity (28) . Tissue incubated in MEM without elastase consistently showed reaction product only in the lamellar bodies of alveolar Type I1 cells. Elastic fibers were generally free of reaction product (Figure 21 ). Substantial amounts of reaction product were frequently observed, however, in elastic fibers in tissue treated with HNE. Amorphous intact elastic fibers that exhibited no evidence of damage by the enzyme were free of reaction product. Injured elastic fibers showed reaction product in the damaged elastin as well as in what seemed to be holes within the elastic fiber (Figure 22 ). Elastic fibers that appeared to be damaged only at the edges ex-hibited reaction product only in the granular electron-dense portions of the fiber that had been attacked by the enzyme; intact electron-lucent portions of the fiber were free of reaction product (Figure 23 ).
Exposure of HNE-treated tissue to either 1 or 4 mM CMK before incubation with Boc-Ala-SNp and sodium aurothiosulfate resulted in no reaction product associated with damaged elastic fibers (Figure 24 ). The CMK treatment did not, however, inhibit the precipitation of reaction product in lamellar bodies of alveolar Type I1 cells. No reaction product was observed in any structures in either elastase-treated tissue or tissue incubated in MEM without elastase when the tissue was incubated in maleate buffer without Boc-Ala-SNp and sodium aurothiosulfate (buffer control) or Figure 17 . Tissue incubated in MEM without elastase. Antibody to fibronectin is localized over the epithelial basement membrane (arrows) and over collagen fibrils (c). Stained with palladium chloride and lead citrate. Original magnification x 11,000. Bar = 0.5 pm. Figure 18 . An area in which an elastic fiber (e) shows evidence of severe damage by HNE and alveolar epithelium is absent. The alveolar basement membrane is unlabeled by anti-Fn (arrow), although the label is still concentrated over collagen fibrils (c). Stained with palladium chloride and lead citrate. Original magnification x 11,000. Bar = 0.5 pm. Figure 19 . An area of HNE-exposed tissue that shows no damage by the enzyme. The elastic fiber (e) is intact and an alveolar Type 1 cell covers the alveolar wall. The epithelial basement membrane (arrows) and the collagen fibrils (c) are labeled by the anti-Fn. Stained with palladium chloride and lead citrate. Original magnification x 9000. Bar = 0.5 pm.
Figure 20. Tissue exposed to PPE. The elastic fiber (e) is frayed and granular in texture but the alveolar wall is covered by epithelium. The alveolar basement membrane (arrows) shows greatly diminished labeling with anti-Fn. Collagen fibrils (c) are still heavily labeled. Stained with palladium chloride and lead citrate.
Original magnification x 11,000. Bar = 0.5 pm. \ was incubated in maleate buffer plus sodium aurothiosulfate but without Boc-Ala-SNp (Au++ control).
PPE-treated tissue incubated in Boc-Ala-SNp and sodium aurothiosulfate showed only small amounts of reaction product associated with elastic fibers, and the reaction product was always located in holes in the interior of the elastic fibers (Figure 25) . No reaction product was ever observed in the granular, electron-dense, damaged elastin (Figure 25, inset) .
Discussion
The ultrastructural examination of human lung elastic fibers after exposure to elastase at two concentrations (100 and 200 pglml) for various lengths of time in the present study shows that when equal amounts of enzyme are used, PPE attacks a greater number of elastic fibers and attacks individual fibers more rapidly and completely than does HNE. The latter conclusion is based on the presence of a substantial number of elastic fibers exhibiting injury only at the edges in HNE-treated tissue, whereas all elastic fibers that were attacked by PPE showed morphological evidence of injury of both interior and exterior portions of the fiber. Immunocytochemical studies using antibodies to HNE and PPE showed that PPE was consistently present in all areas of damaged elastic fibers, whereas antibody to HNE was often localized only over peripheral portions of HNE-injured fibers. These differences in the morphological appearance of HNE-and PPE-injured elastic fibers and the immunocytochemical localization of the two elastases in these fibers correlated with biochemical measurements of elastin solubilization by the two enzymes; only 1% of the protein solubilized by HNE was elastin, whereas elastin accounted for 8% of the protein solubilized by PPE. These results are in agreement with those of Reilly and Travis (31) , who reported that PPE solubilized purified human lung elastin six times faster than HNE. Our study is also in agreement with previously reported studies on animal lungs that have found PPE to be considerably more effective than HNE in digesting lung elastic fibers (5,7) .
The present study indicates that both HNE and PPE bind in vitro to elastic fibers in the interstitium of human lung. These observations are in agreement with results from a study on the binding of instilled HNE to elastic fibers in dog lung ( 5 ) and differ from those of Fox and co-workers (32), who reported that they were unable to demonstrate an association between either endogenous or exogenous HNE and elastic fibers. They found no immunocytochemical evidence of elastase bound to elastic fibers when HNE was instilled into rat lungs or when isolated human lung elastin was incubated with HNE. They suggested that both the in vitro and in vivo binding of HNE to elastic fibers reported by Damiano and colleagues (33) was a false-positive result that occurred because the authors failed to block nonspecific binding of HNE antibody to human lung elastic fibers. According to Fox and colleagues, this nonspecific binding accounted for the report by Damiano and coworkers of the association of endogenous elastase with elastic fibers in emphysematous human lungs, as well as their demonstration of purified HNE bound to isolated elastin after the elastin was incubated with the enzyme.
The results of the present investigation suggest that, with the use of a method of processing tissue that is considerably gentler than those employed by Fox and colleagues (32) and by Damiano and colleagues (33) and with the use of a pre-immune goat serum to block nonspecific binding [as suggested by Fox et al. (32) ], both HNE and PPE can be localized by a post-embedding immunocytochemical technique in human lung elastic fibers that show morphological evidence of damage resulting from in vitro exposure of lung tissue to elastase. No attempt was made in the present study to address the issue of in vivo binding of endogenous elastase in human lungs or instilled elastase in animal lungs. The present study neither supports nor refutes published reports by other groups in which efforts were made to localize elastase in vivo by other methods. We believe, however, that our technique could be applied to a study ofhuman emphysema as well as to studies of animal models resulting from the instillation of exogenous elastase.
With the use of our technique, antibody to elastase was localized only on elastic fibers that were electron-dense and exhibited a granular texture. Neither anti-HNE nor anti-PPE stained elastic fibers in lung samples that had not been incubated in elastase. The presence in HNE-treated samples of elastic fibers that were damaged only at the edges confirmed that anti-HNE bound only to granular electron-dense areas indicative of elastolytic injury. The labeling of the amorphous electron-lucent cores of these fibers never appeared to be higher than background levels. These results, coupled with the identical localization of reaction product in cytochemical experiments employing Boc-Ala-SNp, suggest that the HNE that is bound to elastic fibers under the conditions of these experiments is an active enzyme.
The results of cytochemical experiments with Boc-Ala-SNp on lung tissue incubated with PPE are more difficult to interpret. Reaction product was not seen on damaged elastin in these samples, although immunocytochemical studies indicated that PPE was bound to the damaged elastic fibers. An earlier study in which BOC-Ala-SNp was used to localize PPE instilled into hamster lungs produced a similar result (30). Although reaction product was observed intracellularly as well as in the alveolar interstitium of the hamster lungs, it was not seen in association with elastase-damaged elastic fibers.
There was no localization of antibody to HNE or PPE on either epithelial or endothelial basement membranes. Reaction product resulting from the hydrolysis of Boc-Ala-SNp was also absent from basement membranes. Since basement membranes are susceptible to attack by HNE (34-38) , the effect of HNE and PPE on basement membranes in the vicinity of damaged elastic fibers was investigated by means of an antibody to human fibronectin. Fibronectin has been reported to be associated with both epithelial and endothelial basement membranes of normal human lung (39, 40) . This was confirmed by the present study. The present study also showed that both HNE and PPE abolished the binding of anti-Fn to epithelial and endothelial basement membranes in regions of the tissue containing damaged elastic fibers. The explanation for the absence of elastase antibodies on such membranes will require further investigation, since Davies and co-workers (35) have reported the binding of HNE to isolated glomerular basement membrane. It may be that the components of lung basement membrane that are susceptible to attack by the elastases used in the present study are completely solubilized in 30 min. Alternatively, the elastases may have been bound to lung basement membrane in such low concentrations that they were not detectable by the method used for the present study. Other explanations include the possibility that the enzymes were able to degrade the basement membranes without binding or that the enzymes were loosely bound and detached from the basement membranes sometime before the application of antibody. Davies and co-workers (35) have described isoenzymes of HNE that are capable of degrading glomerular basement membrane without binding or with loose binding that can be disrupted by washing at neutral pH.
The absence of binding of anti-HNE and anti-PPE to fibronectin associated with collagen fibrils and the strong binding of anti-Fn to these fibrils after tissue was exposed to enzyme also requires further investigation. A report published by Cidadb and colleagues (41) appears to explain many of the observations related to collagen fibrils and fibronectin encountered in the present study. Cida-dPo and co-workers reported that intense staining for collagenassociated fibronectin resulted when sections were treated with normal serum as a blocking agent before the application of anti-Fn, and they suggested that fibronectin in normal serum reacts with collagen in sections and produces artifactual staining. The possibility of such an artifact was not investigated in the present study, but it may explain why areas of elastase-treated lung containing damaged elastic fibers and basement membranes devoid of Fn labeling usually exhibited collagen fibrils with moderate to intense Fn labeling. Cidadb and co-authors also reported that pre-adsorption of fibronectin antibody with purified Fn does not block the collagen binding domain of the fibronectin. As a result, the immune complex is able to bind to collagen in tissue when Fn-anti-Fn is applied to sections. This finding is also consistent with the observation in the present study that although pre-adsorption of antibody with excess Fn always abolished basement membrane labeling, lung interstitial collagen fibrils continued to show some labeling for fibronectin.
The results of the present study demonstrate that, at least under the conditions used for these in vitro experiments, human neutrophil elastase and porcine pancreatic elastase bind to elastic fibers in human lung tissue and bind in such a way that they can be detected by a post-embedding immunocytochemical technique. The ultrastructure of the elastic fibers with which the elastase antibodies are associated suggests that the bound elastases are actively degrading the underlying elastin. Support for this concept was provided by the cytochemical studies, in which a synthetic substrate for elastase was cleaved by HNE bound to the elastic fibers. Both HNE and PPE attack epithelial and endothelial basement membranes of human lung tissue but do not appear to bind to basement membrane in a way that could be detected in the present investigation. An additional target for HNE may be the adhesive proteins by which epithelial cells are attached to the alveolar wall, since alveolar septa showing ultrastructural evidence of damage to elastic fibers were usually covered by denuded basement membranes. Kuhn and colleagues (42) have reported similar denuded epithelial basement membranes in hamster lung after in vivo instillation of neutrophil elastase. The results of the present study indicate that pancreatic elastase is not as effective as HNE in degrading the proteins that function in the attachment of epithelial cells. Elastic fibers damaged by PPE were almost always located in areas in which the epithelium appeared to be intact. This is in agreement with previous in vivo findings by our group, in which intratracheal instillation of PPE into hamster lungs resulted in extensive damage to elastic fibers but only minimal, highly focal epithelial damage ( 
